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Chromosome condensation and the global repression of gene transcription 1 are features of mitosis in most eukaryotes. The logic behind this phenomenon is that chromosome condensation prevents the activity of RNA polymerases. In budding yeast, however, transcription was proposed to be continuous during mitosis 2 . Here we show that Cdc14, a protein phosphatase required for nucleolar segregation 3 and mitotic exit 4 , inhibits transcription of yeast ribosomal genes (rDNA) during anaphase. The phosphatase activity of Cdc14 is required for RNA polymerase I (Pol I) inhibition in vitro and in vivo. Moreover Cdc14-dependent inhibition involves nucleolar exclusion of Pol I subunits. We demonstrate that transcription inhibition is necessary for complete chromosome disjunction, because ribosomal RNA (rRNA) transcripts block condensin binding to rDNA, and show that bypassing the role of Cdc14 in nucleolar segregation requires in vivo degradation of nascent transcripts. Our results show that transcription interferes with chromosome condensation, not the reverse. We conclude that budding yeast, like most eukaryotes, inhibit Pol I transcription before segregation as a prerequisite for chromosome condensation and faithful genome separation.
In most eukaryotic cells, a dramatic structural reorganization of the genetic material into highly condensed chromosomes and the global silencing of gene transcription 1 accompany entry into mitosis. This might reflect an incompatibility between transcription and chromosome condensation and/or segregation processes. The most highly transcribed regions in eukaryotic genomes are the ribosomal gene arrays (rDNA), which require a dedicated polymerase named RNA Pol I. A study in budding yeast using cell size as an indicator of cellcycle stage and cellular RNA transcript levels established that transcription, including rDNA, is not inhibited at any stage during mitosis 2 . This is surprising because rDNA becomes hyper-condensed during anaphase 5, 6 . We thus revisited whether transcription is inhibited during yeast mitosis using more sensitive assays.
We measured total RNA synthesis in synchronised yeast cultures undergoing an entire cell cycle using incorporation of [ 3 H]uracil into total RNA and found that cells downregulate RNA synthesis during anaphase (Fig. 1a) . Analysis of nascent 35S rRNA transcripts also showed significant reduction during anaphase ( Fig. 1b ; 75 min and Supplementary Fig. 1 ). The anaphase inhibition of rRNA transcription correlates with the exclusion of the Pol I subunit Rpa43 from the 35S gene region (Fig. 1d and Supplementary Figs 2 and 3) . Therefore, yeast cells, like most eukaryotes, inhibit transcription during mitosis; however, whereas transcription inhibition in most eukaryotic cells takes place in metaphase, in yeast it occurs during anaphase.
In early anaphase the conserved phosphatase Cdc14 becomes activated 7 . Cdc14 is required for the resolution of transcriptiondependent linkages in the ribosomal gene array 8, 9 . Expression of CDC14 from the GAL1-10 promoter in metaphase cells causes a fourfold reduction in rRNA synthesis (Fig. 2a) and the effect is dependent on its phosphate activity (Fig. 2a) . Cfi1 (also known as Net1), the nucleolar inhibitor of Cdc14 and a CDK1 target [10] [11] [12] , interacts directly with Pol I and stimulates transcription in vitro 13 . Expression of a stabilized form of cyclin B2, CLB2-DK
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, causes a mitotic arrest where Cdc14 is maintained at the fully released and active stage 12 . CLB2-DK expression also causes reduction in rRNA synthesis in the presence of wild-type Cdc14 (Fig. 2b) , confirming that rDNA transcription inhibition is directly dependent on the phosphatase and not Cfi1. Moreover, CLB2-DK expression in the presence of Cdc14 causes delocalization of the essential Pol I subunit Rpa43 from the nucleolus (Fig. 2c, d and Supplementary Fig. 4 ). However, this is not the case for the entire Pol I holocomplex because the Rpa190 subunit is not delocalized when CLB2-DK is expressed in the presence of Cdc14 ( Supplementary Fig. 5 ), despite the fact that Pol I transcription is inhibited (Fig. 2b) . Therefore Cdc14 probably inhibits Pol I transcription by destabilization of specific subunits. These findings suggest that Cdc14 is a Pol I transcriptional repressor. Indeed, purified Cdc14 inhibits Pol I transcription in vitro (Fig. 3a) whereas the phosphatase-dead mutant does not (Fig. 3a) . Cdc14 does not prevent stimulation Pol I transcription by Cfi1 (Fig. 3b) . Therefore the activities of Cfi1 and Cdc14 in the activation and repression of Pol I transcription are independent.
Phosphorylation of Pol I has been linked to active transcription 15 . In metaphase-arrested cells at least two phospho-forms of Rpa43 can be detected ( Supplementary Fig. 6 ). Expression of Cdc14 causes the loss of one of the Rpa43 phospho-bands ( Supplementary Fig. 6 ). Therefore Cdc14 promotes dephosphorylation of Rpa43. Deletions in the carboxy-terminal region of Rpa43, where most phospho-sites are located 16 , prevent Cdc14-dependent nucleolar delocalization but do not affect transcription inhibition ( Supplementary Fig. 7 ). Therefore additional Cdc14 targets in the regulation of Pol I transcription repression must exist. Nonetheless, Rpa43 seems to be a key factor because a phospho-mimicking mutant of Rpa43 shows defects in transcription inhibition ( Supplementary Fig. 8 ).
The requirement of Cdc14 for rDNA condensation 17, 18 and segregation [17] [18] [19] [20] is thought to stem from a defect in condensin localization 17, 20 . Condensin binding is incompatible with rDNA transcription 21 , and inactivation of Pol I allows rDNA segregation in the absence of Cdc14 (refs 8 and 9). Therefore transcription inhibition by Cdc14 is probably sufficient to promote condensin binding to rDNA. Indeed, in the absence of Cdc14 removal of rRNA transcripts by expression of the RntA RNase T1 from Aspergillus oryzae 22 ( Supplementary Fig. 9 ) promotes condensin binding to rDNA (Fig. 4a) .
Inactivation of cohesin in metaphase-arrested cells causes separation of all genomic regions except the rDNA because Cdc14 is inactive at this stage 17, 18 . Expression of RntA in metaphase cells where cohesin has been inactivated (or a cdc14-1 arrest; Supplementary Fig. 10 ) causes separation of nucleolar regions (Fig. 4b) . Recent work has shown that expression of topoisomerase II from Paramecium bursaria Chlorella virus 1 (TopChlv), suppresses nucleolar segregation defects in condensin mutants 23 . In contrast, TopChlv does not promote separation of rDNA regions in metaphase cells inactivated for cohesin (Fig. 4b) . This result is unexpected because Cdc14 and condensin were anticipated to be in the same pathway for rDNA segregation; thus the physical nature of rDNA linkages in the absence of either of these two factors should be identical. This is clearly not the case, as expression of RntA in metaphase cells where both cohesin and condensin are inactive does not rescue rDNA segregation (Fig. 4c ).
An important feature of eukaryotic chromosomes is the pairing of replicated chromatids until metaphase and their separation in anaphase. In budding yeast, it was known that rDNA regions require Cdc14 (refs 17-20) and condensin 24 to segregate, in addition to cohesin cleveage 17, 18 . However, the specific roles of these factors during segregation were not clear. Here, we have shown that Cdc14 function during rDNA segregation is the inhibition of transcription. Moreover, Cdc14 is a direct inhibitor of Pol I (Fig. 3a) . We have shown that condensin localization to rDNA regions is dependent on this transcriptional inhibition, thus indirectly dependent on Cdc14. Condensin binding to rDNA is essential for compaction of the locus 5, 24 , a requirement for rDNA segregation 6 . Indeed, reducing the number of rDNA units partially bypasses the segregation requirement for Cdc14 8 (and hence downstream condensation). But are there additional requirements to transcription inhibition and condensation for rDNA segregation? Topological stress produced ahead of replication forks can be transferred to behind the forks by allowing replisome rotation, which generates precatenanes that become catenated daughter molecules after replication. In budding yeast, depletion of Top2, the enzyme that resolves catenations, causes severe segregation defects and 'cut phenotypes' 25 . In principle, DNA catenations within rDNA could also prevent its segregation. Indeed, some studies have suggested links between condensin and yeast Top2 (ref. 26); thus after transcription inhibition, condensin binding could mediate rDNA segregation by promoting not only condensation but also decatenation through Top2. Whether condensin function at rDNA includes Top2-mediated decatenation is an interesting question for the future.
Inhibition of transcription activity during mitosis was discovered many years ago 1 . The common explanation behind this phenomenon was that chromosome condensation limits the activity, although not the accessibility, of RNA polymerases to DNA. Our results show the opposite: the condensation complex (condensin) cannot access chromatin until rRNA transcription is significantly reduced. We show that in yeast rDNA this occurs during anaphase and is a process dependent on the mitotic exit phosphatase Cdc14 (Fig. 4d) . Finally, we demonstrate that failure to reduce rRNA synthesis interferes with chromosome segregation. Therefore we conclude that mitotic inhibition of transcription is critical to maintain genome integrity through cell division.
METHODS SUMMARY
All media and growth conditions were as described 8 . The budding yeast strains used in this study are listed in Supplementary Methods. Growth, arrest and release conditions for every experiment shown in the manuscript figures are described in the Supplementary Methods. Details of gene tagging and constructions are described in Supplementary Methods. Microscope methods have been described 8 . ChIP was performed as described 27 . For multiround in vitro transcription assays, Pol I was prepared as described previously 28 from cells carrying His6-(HA)3 epitope tags on the amino terminus of A135 (NOY2173 and NOY2174). Multiround transcription with all pure components was performed as described at room temperature for 30 min 28 . Cdc14 and Cfi1 purification for in vitro assays were performed as described 13 . For quantitative PCR (qPCR) after reverse transcription (RT-PCR), RNAs were isolated with the RNeasy Mini Kit (Qiagen) using RNase-Free DNase Set (Qiagen) to digest DNA during RNA purification. Amplifications were done using Go Taq polymerase (Promega). Primer pairs and probes to the intergenic spacer region 1 (ITS1) were used to detect primary 35S rRNA (intergenic spacer sequences are removed from the primary 35S rRNA transcripts during the initial processing steps) (details in Supplementary Fig. 1 ). Quantifications were done using a Stratagene MX3000P Real-time PCR System and were confirmed by serial dilution analysis of RT-PCR reactions.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
